Objectives To evaluate the associations in twins between within pair differences in birth weight and subsequent blood pressures as adults thereby removing the impact of potential parental confounding variables.
Introduction
A meta-analysis of 34 studies has shown a significant inverse relation between birth weight and subsequent levels of blood pressure.
1 Compared with higher birthweight babies, low birthweight babies have been shown to have higher levels of blood pressure as children, [2] [3] [4] adolescents, 4 5 and adults, 3 4 6-8 the association being more pronounced with age. 1 6 It is hypothesised that some adverse aspect or aspects of intrauterine life, such as nutritional deficiencies at critical periods of fetal growth, programme the fetus to have higher levels of blood pressure after birth. 9 The mechanisms invoked to produce this programming effect include the impact of impaired fetal growth on blood vessel growth 8 or compliance 10 or the number of nephrons.
11
Despite the consistency of the findings 1 potential flaws in the body of evidence supporting the programming hypothesis have been perceived. 12 These include the lack of evidence for increased adult mortality among twins, 13 and the possibility that various parental factors-particularly maternal smoking-may confound the apparent relation between birth weight and blood pressure. 14 15 Authors of a recent Swedish study concluded that the inverse association between birth weight and blood pressure was unlikely to be due to confounding by socioeconomic circumstances. 16 However, another recent study showed that low birth weight was associated with higher blood pressure in later life in both the offspring and the mother. 17 Furthermore, after correction for parental blood pressures, the apparent association between birth weight and subsequent blood pressure levels was attenuated and ceased to be significant. The authors concluded therefore that low birth weight was a feature of the inherited predisposition to hypertension and that parental blood pressure may be an important confounder of the apparent relation between birth weight and blood pressure.
By investigating the association within twin pairs between differences in birth weight and differences in their subsequent adult blood pressures, we avoided parental characteristics that potentially could confound the association between birth weight and blood pressure. Furthermore, by investigating differences in birth weight and differences in subsequent adult blood pressure in twin pairs the impact of parental genetic make up is also reduced, and among monozygotic twins is eliminated, as a potential confounder.
Participants and methods

Participants
Data were collected from unselected female twins who were recruited through a national media campaign as part of the St Thomas's UK adult twin register, which was initially set up as a cohort of female volunteers. 18 Twins were invited to attend a central clinic where they underwent a physical examination and investigations including blood pressure measurement. Blood pressures were measured in each pair of twins at the same time by the same observer under the same conditions. Blood pressures were measured twice, 20 minutes apart, in the sitting position under standardised conditions with a standard mercury sphygmomanometer. The mean of these two readings was used in analyses. Information on medical history, drug use, lifestyle, and demographic variables was obtained by standardised nurse administered questionnaire. Questions on recalled birth weight (in kilograms or heavier or lighter status) and birth order were supplied two weeks before the interview, and interviewees were encouraged to consult their mothers for answers. Zygosity was assessed by standardised questionnaire, and DNA fingerprinting was used for confirmation. 19 website extra Between June 1992 and September 1995, when only females were included in the register, 641 pairs of twins were evaluated in the St Thomas's UK adult twin register study. Of these, 492 pairs (76.8%) provided complete information on self reported birth weights, and valid blood pressure recordings were available for 479 of these.
Differences in birth weight
The reported difference in birth weight was calculated (in grams) between heavier and lighter twins. Reported differences were stratified into five categories determined a priori: 0, 1-500 g, 501-1000 g, 1001-1500 g, and greater than 1500 g. As only 21 twin sets had birth weight differences greater than 1 kg the last two categories were combined in analyses.
Smoking and alcohol consumption
Smoking was classified as never, current, or past smoker. Current smokers were defined as those participants who had smoked at least one cigarette per day in the past month. Current alcohol consumption was classified into one of seven categories: never, occasionally but less than one unit per week, and 1-5, 6-10, 11-15, 16-20, and more than 20 units per week. Differences in continuous variables between twin pairs were calculated in the same way as for birthweight differences (heavier minus lighter). For twin pairs with the same birth weight a random order for calculating differences was allocated. For potentially confounding categorical variables, the within pair differences were included in the regression model as a series of indicator variables representing the difference within each pair.
Potential confounders and statistical methods
Weight, height, smoking habit, and alcohol consumption were considered as potential confounders. Of 479 twin pairs with reported birth weight and valid blood pressure levels, 406 had recorded data on all these variables. Of these 406 twin pairs, 167 were monozygotic, 237 were dizygotic, and two were unclassified. Mean blood pressures and mean within pair differences in blood pressure are presented both unadjusted and after adjustment for the four potential confounders. Correlations between within pair differences in adult blood pressure and within pair differences in birth weight were examined with and without adjustment for potential confounders, but only partial (adjusted) correlation coefficients are presented. The impact of antihypertensive drugs on results was evaluated by carrying out analyses after excluding all twin pairs in which at least one twin was taking such drugs and alternatively by adjusting for blood pressure treatment. Table 1 shows the various characteristics of the twins (mean age 54 years) by self reported birthweight status.
Results
Mean levels of systolic and diastolic blood pressure before and after adjustment for potential confounders were higher among the lighter than the heavier group of twins (table 2 and website). Adjusted within pair mean differences in blood pressure (heavier minus lighter) were − 4.6/ − 3.0 mm Hg (P = 0.07 and P = 0.04 respectively), these differences increasing to − 6.8/ − 4.1 mm Hg (P = 0.02 and P = 0.02 respectively) after excluding those pairs in which one or both twins were taking antihypertensive drugs.
Within pair differences in birth weight between twins and differences in adult blood pressure levels adjusted for confounders were not significantly correlated (systolic blood pressure: r = − 0.08, P = 0.12; diastolic blood pressure r = − 0.06, P = 0.22). However when twin pairs, which included at least one twin taking antihypertensive drugs, were omitted from analyses, stronger associations became apparent (systolic: r = − 0.14, P = 0.01; diastolic: r = − 0.12: P = 0.04). Furthermore, when twin pairs were stratified into one of four levels of birthweight differences, including and excluding any participants taking antihypertensive drugs, an inverse relation between birth weight and adult blood pressure was apparent. This association was of borderline significance for systolic blood pressure when all twin pairs were included in analyses, and the significance of the association was marginally increased for systolic blood pressure when those receiving treatment were excluded (table 3 and website) .
When blood pressure differences were stratified by zygosity (table 3 and website) similar trends were apparent although less robust for diastolic pressure among monozygotic twins, and no trends were statisti- cally significant. Further adjustment for blood pressure treatment did not significantly affect these findings, and similar trends were apparent when those who were taking antihypertensive drugs were excluded from the analyses (data not shown).
Discussion
These data suggest that the observation previously made in over 30 studies, 1 that birth weight is inversely associated with blood pressure levels later in life, is not due to parental confounding factors such as maternal smoking. The mean differences in adjusted blood pressure between adult twins associated with a difference in birth weight between twins of more than 1 kg (average difference 1506 g) compared with those twins with no reported birth weight differences was 8.7/5.1 mm Hg (table 3 and website), which is equivalent to 5.8/3.4 mm Hg per kg difference in birth weight. This size of difference is larger than that observed in most previous studies of unrelated adults 1 and may reflect the impact in these studies of various confounding characteristics due to the more diverse lifestyles of unrelated adults or to having different parental influences that could have obscured the true size of the association. Given these findings and the fact that twins are on average smaller than singletons, the prevalence of hypertension might be expected to be higher among twins than singletons. To our knowledge, no published data are available to support this expectation, indeed a recent study reported lower systolic blood pressures among twins compared with singletons at age 9 and 18 years. 20 Interestingly, the treatment rates for hypertension shown in table 1 are marginally higher than those reported in a recent nationally representative sample of women of a similar age. 21 When twin pairs were stratified by zygosity similar patterns in blood pressure differences with birthweight differences were observed but were not significant. The trend was less clear for diastolic blood pressure among monozygotic twins. However, all these findings should be considered in the light of the small numbers in some weight difference strata and the fact that other determinants of adult blood pressures (for example, electrolyte intakes) could not be considered in analyses. Furthermore because birth weights were self reported they were likely to be variably inaccurate, although the recall of twins is likely to be superior to singletons and this method is considered to be acceptably valid in the population setting. [22] [23] [24] The interpretation of blood pressure levels of those taking antihypertensive drugs is difficult because the real blood pressure differences within twin pairs is likely to be reduced or even reversed if one twin receives blood pressure lowering therapy. Data could have been modified to compensate for this problem by adjusting for blood pressure treatment in the analyses, or by omitting those twin pairs that included at least one twin taking blood pressure drugs and thereby removing potential obfuscation of the real blood pressure difference. An alternative approach was to allocate some arbitrary blood pressure level above the median to those receiving treatment 25 although this method would not necessarily compensate for the problem at the individual twin pair level. Overall, adjustment for blood pressure treatment had little if any effect on the findings shown, although the exclusion of those taking Table 3 Unadjusted and adjusted within pair differences in adult blood pressure levels by differences in self reported birth weights in all twins, in those who currently did not receive antihypertensive treatment, and by zygosity. Values are mean (SEM) antihypertensive drugs did seem to enhance the apparent association (table 3 and website) . Whether to adjust for adult anthropometric variables-particularly body mass index-has been debated in the context of earlier studies. 7 12 However, as expected from finding similar mean adult levels among twins who reported heavier, lighter, or the same birth weight (table 1), the inclusion of adjustment for height, weight, or body mass index in the analyses did not influence the results importantly. The inverse association between birth weight and adult blood pressure may have occurred by chance, bias, or confounding, or because the two variables are causally related. The strength and consistency of the association makes chance an unlikely explanation.
1 The reproducibility of the findings in over 30 different studies of many different types of population using different methods makes some systematic error in study design or conduct also unlikely. The most frequently cited criticisms relating to the programming hypotheses have been on the basis of the likelihood of some form of confounding inducing low birth weight and also increasing subsequent blood pressure levels.
The data presented in our study eliminate the likelihood of parental confounders inducing the sort of association between blood pressure and birth weight previously reported although, as suggested by one study, 17 confounding may have contributed to some of the observed associations. The findings in monozygotic twins, although not statistically significant, suggest that the previously reported effects of low birth weight on subsequent adult blood pressure levels are also not due to genetic confounding-that is, not the result of a gene causing small birth weight and subsequently raised blood pressure levels.
Hence on the basis of this study, it seems reasonable to exclude confounding by genetic or environmental factors as the single explanation for the inverse association between birth weight and blood pressure. Moreover, given that chance and bias seem to be equally unlikely explanations, it seems that some aspect of intrauterine life that limits birth weight is independently and causally associated with subsequent higher blood pressure levels.
It has been proposed that retarded intrauterine growth due to inadequate fetal nutrition causes raised blood pressure levels in adulthood. 9 Our study cannot identify which of two likely candidates-placental dysfunction or inadequate maternal nutrition-is responsible for the inadequate fetal nutrition. However, in our study heavier and lighter twins were exposed to the same maternal diet and hence, although not excluding the role of inadequate maternal nutrition in other studies, is more compatible with the hypothesis that placental dysfunction is a cause of the retarded intrauterine growth, which is linked with high adult blood pressure.
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